. We studied the contribution of the RBC compartmentalization of Hb to augmentation of HPV and scavenging of NO in isolated perfused rabbit lungs. Lungs were initially perfused with buffer; HPV was provoked by a 5-min challenge with hypoxic gas (inspired O 2 fraction 0.05). Expired NO was measured continuously. Addition of free Hb to the perfusate (0.25 mg/ml) resulted in augmentation of HPV and a fall in expired NO that were similar in magnitude to those associated with a hematocrit of 30% (intracellular Hb of 100 mg/ml). Addition of dextran resulted in a blunting of HPV after free Hb but no change in expired NO. Blunting of HPV by dextran was not prevented by NO synthase inhibition with N -nitro-L-arginine and/or cyclooxygenase inhibition. RBC ghosts had a mild inhibitory effect on HPV but caused a small reduction in expired NO. In conclusion, the RBC membrane provides a barrier to NO scavenging and augmentation of HPV by Hb. Increased perfusate viscosity inhibits HPV by an undetermined mechanism.
IN A PREVIOUS INVESTIGATION, we found that red blood cells (RBCs) augment hypoxic pulmonary vasoconstriction (HPV) in a concentration-dependent fashion (8) . The mechanism for RBC-mediated augmentation of HPV appears to be related to the ability of Hb to scavenge nitric oxide (NO) from the pulmonary circulation. Expired NO concentration falls in a linear fashion as hematocrit (Hct) increases, and RBC dependence of HPV is eliminated when NO synthase (NOS) is inhibited by administration of the L-arginine analog N -nitro-L-arginine (L-NA; Ref. 8) .
Although it appears that binding of NO by Hb is involved in RBC augmentation of HPV, it is less obvious how or whether the intact RBC and the RBC membrane modulate these phenomena. Previous investigators have found that addition of small amounts of free Hb to blood (23) or blood-free (16, 34) perfusate in isolated rat lungs results in an increase in the pressor response to hypoxia. The goal of the current study was to further define the amount of free Hb necessary to augment HPV in buffer-perfused lungs challenged by moderate hypoxia and to document the effect of free Hb on expired NO. In addition, we wished to establish the role of the isolated RBC membrane in the form of RBC ghosts on HPV, and to determine whether increased perfusate viscosity as seen at higher Hcts has an inhibitory effect on HPV. Finally, we studied the effects of NOS and cyclooxygenase (COX) inhibition on HPV in the presence of increased perfusate viscosity to help define the mechanism by which increased viscosity inhibits HPV.
METHODS
The protocol was approved by the Animal Care Committee of the Seattle Veterans Affairs Medical Center.
Experimental preparation. A total of 43 New Zealand White rabbits weighing 3-3.5 kg were anesthetized with ketamine (15 mg/kg) and xylazine (0.33 mg/kg). Mechanical ventilation was initiated after tracheostomy with room air using a ventilatory rate of ϳ30 breaths per minute and a tidal volume of 10 ml/kg (peak airway pressure of ϳ15 cmH 2 O). A carotid arterial catheter was placed, intravenous heparin (300 U/kg) was administered, and the rabbits were rapidly exsanguinated. After median sternotomy, the pulmonary artery and left atrium were cannulated in situ. The pulmonary circulation was then perfused by use of a closed circuit connected to a Masterflex pump (Cole-Palmer, Barrington, IL) with a total circuit volume of 250 ml at a constant flow of 150 ml/min (perfusate composition described below). The perfusate was warmed to 38°C with a countercurrent exchange heater. The ventilatory gas was switched to a mixture of 21% O 2 -5% CO 2 , with the balance made up by N 2 . The rabbit's chest was covered with plastic wrap to maintain humidity and surface temperature.
Pulmonary arterial pressure (Ppa) and left atrial pressure (Pla) were continuously measured via pressure tubing placed inside the perfusion cannulas and positioned at the inflow and outflow sites. Pla was maintained constant at 5 mmHg by adjusting the height of the venous reservoir. Fractions of inspired O 2 (FI O 2 ) and CO 2 (FI CO 2 ) were measured near the tracheal tube. Mixed expired NO was measured in all experiments by use of a chemiluminescence detector (Sievers Instruments, Boulder, CO) by continuously sampling from a 50-ml reservoir placed in the expired gas line (31) . The sample flow rate was 120 ml/min out of a fixed minute ventilation of 900 ml/min. Calibration was performed by using NO-free gas from the normoxic and hypoxic tanks and a certified tank containing NO at a concentration of 1.9 ppm (Air Liquide, Long Beach, CA) and sampled at 120 ml/min. Recalibration was performed at ϳ30-min intervals throughout the experiments. Pressure and NO data were continuously recorded with an analog-to-digital converter, data acquisition software (Strawberry Tree, Sunnyvale, CA), and a personal computer (Macintosh, Cupertino, CA).
All preparations were perfused with buffered KrebsHenseleit solution (in mM: 11 D-glucose, 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 4 KCl, 120 NaCl, 2.5 CaCl 2 , 25 NaHCO 3 ; 4% hydroxyethylstarch) for 20-30 min to allow stabilization before experimental intervention. Normoxic values of Ppa, Pla, peak inspiratory pressure, and expired NO were recorded, and the preparations were then challenged with hypoxic gas (FI O 2 0.05, FI CO 2 0.05, balance N 2 ) for 5 min. Data were again recorded, and ventilation with normoxic gas was resumed. HPV was defined as the change in Ppa with hypoxia from the immediate normoxic baseline. After this initial hypoxic challenge, preparations were entered into one of five intervention groups: 1) RBCs (n ϭ 5), 2) free Hb (n ϭ 9), 3) free Hb plus dextran (n ϭ 14), 4) NOS and COX inhibition plus dextran (n ϭ 9), and 5) RBC ghosts plus free Hb (n ϭ 7). Experiments in groups 1 and 2 were performed concurrently, with experiments randomized on a daily basis. Experiments in groups 3, 4, and 5 were performed after completion of the previous two groups. Perfusate pH, PO 2 , and PCO 2 were measured periodically during the experimental protocols, and sodium bicarbonate was added as necessary to maintain perfusate pH at 7.40 Ϯ 0.05.
Group 1: RBC perfusates. To provide RBCs for this experimental group, blood obtained during exsanguination and whole blood collected from donor rabbits were centrifuged at 3,000 g for 8 min. The plasma and buffy coat were discarded, and the RBCs were resuspended in saline and centrifuged again for 8 min. The supernatant was again discarded, and the wash and centrifugation were repeated. The RBCs were then filtered through a Pall high-efficiency leukocyte filter (Pall Biomedical, Fajardo, PR) to remove residual leukocytes.
After the initial hypoxic challenge during Krebs-Henseleit perfusion, packed RBCs (Hct ϳ80%) were added to the venous reservoir of the perfusion circuit in an amount sufficient to provide the desired Hct. Preparations were perfused sequentially with Hcts of 1%, 10%, and 30% and were challenged at each Hct with a 5-min period of hypoxia, as described above. A 10-min stabilization period with normoxic ventilation was allowed after each addition of RBCs. Hct was measured in all preparations by use of a microcapillary centrifuge (International Equipment, Needham Heights, MA).
Group 2: Free Hb. Powdered bovine Hb obtained from Sigma Chemical (St. Louis, MO) was dissolved in distilled water and dialyzed overnight. Sodium dithionate was added to the Hb solution, and it was bubbled with nitrogen during dialysis to minimize methemoglobin formation. The concentration and percentage of reduced and methemoglobin were measured spectrophotometrically as previously described (11, 22) .
After the initial hypoxic challenge during perfusion with Krebs-Henseleit solution, the purified and reduced Hb product was added to the circulating perfusate by slow injection into the venous reservoir in an amount sufficient to produce a concentration of ϳ0.25 mg/ml (3.6 µM). A 10-min period of normoxic ventilation was allowed after addition of free Hb, and the lungs were then challenged with hypoxic gas as described above. After return to normoxia, additional free Hb was added to produce a 10-fold increase in Hb concentration (2.5 mg/ml); after another 10-min stabilization, the lungs were again subjected to a hypoxic challenge.
Group 3: Dextran plus free Hb. Free bovine Hb was prepared as described for group 2. After the initial hypoxic challenge during Krebs-Henseleit perfusion, free Hb was added to the perfusate, and a hypoxic challenge was performed as described for group 2. After return to normoxic ventilation, 3.9 g of dextran (Sigma Chemical; average molecular weight ϭ 69,000) were added to the venous reservoir. This amount was sufficient to produce a perfusate viscosity similar to that seen in RBC perfusates at 10% Hct (Dex 10). After a 10-min stabilization period, a hypoxic challenge was performed as described under Experimental preparation. This sequence was repeated with addition of a second aliquot of dextran (5.6 g) to produce a perfusate viscosity similar to that seen in RBC perfusates at 30% Hct (Dex 30). In total, six experiments were conducted in this fashion. In three additional experiments, three sequential hypoxic challenges separated by 10-min intervals were performed after addition of free Hb to the perfusate to establish a stable response over time. After the third hypoxic challenge, 5.6 g dextran were added to the perfusate, and a final hypoxic challenge was performed. In a final five experiments, 3.9 g and 5.6 g dextran were serially added to the perfusate, in the absence of Hb, with each dose followed by hypoxic challenges. Hb (0.25 mg/ml) was added to the perfusate after the final dose of dextran in three experiments, and a final hypoxic challenge was performed.
The viscosity of the perfusates was measured by a rotational viscometer (Brookfield Engineering Laboratories, Stoughton, MA) at 38°C and a shear rate of 45 s Ϫ1 . Viscosity measurements are reported in Table 1 .
Group 4: NOS and COX inhibition. After the initial hypoxic challenge during buffer perfusion, L-NA was added to the perfusate to produce a concentration of 0.1 mM. We have previously documented the competitive nature of NOS inhibition with this agent at this concentration in our model (8) . After 15 min of normoxic perfusion, a hypoxic challenge was performed as described under Experimental procedure. After return to normoxic ventilation, dextran (9.5 g) was added to the venous reservoir, and the hypoxic challenge was repeated. The preparation was again returned to normoxic ventilation, and 0.7 mM of the nonselective COX inhibitor indomethacin was added to the perfusate (n ϭ 7). After 15 min of normoxic perfusion, a final hypoxic challenge was performed. In two experiments, 5 mg indomethacin were administered intravenously to the rabbit before exsanguination, and 0.7 mM indomethacin was added to the perfusate before perfusion. Hypoxic challenges during Krebs perfusion, after addition of L-NA and after addition of dextran to the perfusate, were then performed.
Group 5: RBC ghosts. RBC ghosts were prepared as originally described by Marchesi and Palade (21) and as modified by Baldwin and Wilson (1) . Briefly, rabbit blood was washed and filtered as described for group 1 and then subjected to hypotonic hemolysis and repeated high-speed centrifugation to remove free Hb. This procedure resulted in the production of RBC membrane, which retained some structural integrity when examined under interferencecontrast microscopy ( Fig. 1) . The final ghost concentrate was Viscosity was measured at 38°C by use of a rotational viscometer at a shear rate of 45 s Ϫ1 . Dex 10 and Dex 30, perfusates to which dextran was added to approximate the viscosity of red blood cell (RBC) perfusates at 10 and 30% Hct, respectively. Krebs/Hb, buffer perfusate to which free Hb was added.
assayed spectrophotometrically at three wavelengths to verify the absence of Hb (sensitivity of assay Ͻ0.1 mg/ml) (10) . The volume of packed RBCs at the beginning of ghost synthesis was similar to that required to produce a Hct of 30% when added to the perfusion circuit (ϳ70 ml), although the final volume of ghost concentrate varied between 15 and 20 ml.
After the initial hypoxic challenge during Krebs-Henseleit perfusion, in five experiments the prepared RBC ghosts were slowly added to the venous reservoir of the perfusion circuit. After a 10-min stabilization period, a hypoxic challenge was performed as described above. After return to normoxic ventilation, 3.6 µM Hb was added to the venous reservoir, and the sequence was repeated. In two experiments, the sequence was reversed, with addition of free Hb followed by RBC ghosts.
Statistical analysis. Statistical analysis was performed with the StatView software package (Abacus Concepts, Berkeley, CA). Data are presented as means Ϯ SE. Within-group comparisons were performed by using a paired Student's t-test, with P values adjusted for multiple comparisons by using the Bonferroni correction. P Ͻ 0.05 was accepted as statistically significant.
RESULTS
General. Baseline (normoxic) Ppa before hypoxic challenges and expired NO in major subgroups of experiments are reported in Table 2 . HPV was weak during Krebs perfusion in all groups (Figs. 2-4, 7, and 8) .
Group 1. Addition of RBCs to the perfusate resulted in an increase in normoxic Ppa that approached statistical significance at 30% Hct (Table 2 ; P ϭ 0.07, Krebs vs. 30% Hct). Expired NO fell at each level of Hct and was significantly lower than during Krebs perfusion at Hct 30% (Table 2 ; P Ͻ 0.05). Likewise, the addition of RBCs resulted in an increase in HPV at each level of Hct, although the difference from HPV with Krebs was statistically significant only at Hct 30% (P Ͻ 0.05; Fig. 2) .
Group 2. Addition of 3.6 µM Hb to the perfusate resulted in a nonsignificant increase in normoxic Ppa (Table 2) , a marked fall in expired NO (Table 2) , and dramatic augmentation of HPV (Fig. 3) . Addition of 10-fold more free Hb to the perfusate resulted in an increase in normoxic Ppa, a further fall in expired NO, and further augmentation of HPV; however, all but three of the preparations developed intractable pulmonary hypertension and/or pulmonary edema during this intervention and did not complete the hypoxic challenge. No statistical analysis was performed for this intervention because of the large dropout.
Group 3. Addition of 3.6 µM Hb to the perfusate resulted in a nonsignificant increase in normoxic Ppa and a fall in expired NO (Table 2 ) and again resulted in augmentation of HPV (P Ͻ 0.05; Fig. 4) . Addition of dextran, 3.9 (Dex 10) and 5.6 g (Dex 30), to the perfusate after free Hb resulted in increases in normoxic Ppa (P Ͻ 0.05 for Dex 10 and Dex 30 vs. Krebs) and no change in expired NO (Table 2) . However, addition of dextran resulted in a diminution of HPV (P Ͻ 0.05 for Hb vs. Dex 30; Fig. 4 ). In contrast, three successive hypoxic challenges after addition of a single dose of free Hb to the perfusate resulted in augmentation of the pressor response ( Fig. 5 ; P Ͻ 0.05, challenge 1 vs. challenge 2). Addition of dextran after three successive hypoxic challenges after a single dose of free Hb in two preparations resulted in a 50% reduction in the pressor response to hypoxia.
Addition of dextran to the perfusate had no effect on expired NO whether added after (Table 2) or before (Fig. 6 ) addition of free Hb to the perfusate. Addition of dextran, 3.9 and 5.6 g, to the perfusate before Hb increased normoxic Ppa from 10.4 Ϯ 0.5 to 11.0 Ϯ 0.5 and 12.0 Ϯ 0.7 Torr, respectively (P Ͻ 0.05 for both concentrations of dextran vs. Krebs) but had no effect on HPV, and addition of free Hb after dextran resulted in only a small increase in HPV (2.3 Ϯ 0.6 Torr).
Group 4. Addition of L-NA to the perfusate resulted in a fall in expired NO and augmentation of HPV (P Ͻ 0.05 vs. HPV with Krebs perfusion; Table 2 , Fig. 7 ). An increase in perfusate viscosity by addition of dextran after L-NA resulted in an increase in normoxic Ppa and a reduction in HPV (P Ͻ 0.05 vs. HPV after L-NA alone; Table 1 , Fig. 7 ). Indomethacin added either after (Fig.  7) or before (data not shown) L-NA and dextran did not prevent blunting of HPV by dextran.
Group 5. Addition of RBC ghosts to the perfusate had no effect on normoxic Ppa but resulted in a small but statistically significant fall in expired NO (Table 2) . RBC ghosts resulted in a significant reduction in the already weak pressor response to hypoxia (P Ͻ 0.05 vs. HPV with Krebs perfusion). Addition of 3.6 µM Hb after ghosts resulted in augmentation of HPV (P Ͻ 0.05 vs. HPV with ghosts alone), although HPV in the presence of ghosts plus Hb was not significantly different from that during Krebs-Henseleit perfusion (Fig. 8) . In the two experiments in which Hb was added to the perfus- Fig. 2 . Hypoxic pulmonary vasoconstriction (HPV; change in pulmonary artery pressure from immediately preceding normoxic baseline pressure) in preparations to which RBCs were added to perfusate; n ϭ 5. Values (%) represent approximate hematocrit (Hct) of perfusate. * P Ͻ 0.05 vs. perfusion with Krebs-Henseleit buffer (Krebs). Fig. 3 . HPV in preparations to which free Hb was added to perfusate; n ϭ 9. Hb was added to achieve a concentration of 0.25 mg/ml (3.6 µM). * P Ͻ 0.05 vs. perfusion with Krebs-Henseleit buffer. Fig. 4 . HPV in preparations to which free Hb (3.6 µM) and then dextran were added to perfusate; n ϭ 6. Dextran was added in an amount sufficient to increase perfusate viscosity to that approximating perfusates of Hct 10% (Dex 10) and Hct 30% (Dex 30). * P Ͻ 0.05 vs. perfusion with Krebs-Henseleit buffer; † P Ͻ 0.05 vs. perfusion with buffer containing free Hb. ate before ghosts, addition of ghosts resulted in a reduction in HPV from 3.5 Ϯ 0.5 to 0.5 Ϯ 0.5 Torr.
DISCUSSION
The current study builds on our previous work documenting the Hct dependence of HPV and expired NO in an isolated lung model (8) . Our data also confirm that addition of free Hb to an isolated, perfused system results in dramatic augmentation of HPV and a reduction of expired NO. The Hb concentration that resulted in augmentation of HPV (3.6 µM or 0.25 mg/ml) is more than 100-fold less than that contained within an RBC perfusate at Hct 30%, although the pressor response to hypoxia was similar in these two groups (Figs. 2 and 3 ). This study also provides evidence that increasing perfusate viscosity is in fact inhibitory of HPV and is not the mechanism by which increasing Hct augments HPV. Finally, these data suggest that the RBC membrane has a mild inhibitory effect on HPV by an as-yet-undefined mechanism.
Limitations of the model. The isolated, perfused lung model is well established for investigation of HPV and provides the opportunity to study and control multiple variables over a relatively short period of time. Conditions in this model will admittedly not entirely reflect conditions in the intact animal.
In our previous work (8), we showed that HPV at different levels of Hct was relatively stable with repeated hypoxic challenges over time. HPV is a variable biological response, however, both between and within species. Although it has not been reported in the literature, we have observed variability in HPV in isolated rabbit lungs depending on the season of the year. This finding may explain some of the observed variability in HPV between groups. In particular, the HPV response in group 2 is much stronger than in groups 3 and 5 after addition of free Hb to the perfusate. These experiments were subjected to identical baseline conditions, with the only difference being that the experiments were conducted consecutively over the course of a year. It is because of this variability in response that we have emphasized within-group analysis, with the exception of groups 1 and 2, which were performed concurrently and in random order. We also attempted to control for varying HPV response by performing subgroup experiments, with reversal of the order of interventions (groups 3-5 ).
In the current study, Hct was varied in individual experiments rather than maintained at a constant level over the course of each experiment as in our previous work (8) . The observation that HPV is augmented by increasing Hct in a single preparation supplements the previous data by eliminating the possibility of unmeasured between-group differences.
Hb and HPV. Previous studies that have shown a salutary effect of free Hb on HPV in isolated lung models differ from ours in several ways (16, 23, 35) . In the study by Mazmanian et al. (23), isolated rat lungs were perfused with blood before addition of free Hb at a concentration twice that of ours (0.5 mg/ml). This resulted in an approximate doubling of the pressor response to FI O 2 0.02. Studies by Hasunuma et al. (16) and Voelkel et al. (35) , in buffer-perfused rat lungs, showed that addition of 20 µM free Hb resulted in a two-to threefold increase in the pressor response to ventilation at FI O 2 0. Thus our investigation complements previous work in that we used a more moderate hypoxic challenge (FI O 2 0.05) in buffer-perfused lungs and used a much smaller concentration of Hb to augment HPV.
The observation that a small amount of free Hb added to buffer perfusate results in a dramatic fall in expired NO is consistent with the presumed mechanism by which Hb augments HPV. NO binds avidly to oxyhemoglobin, with the resulting reaction products of methemoglobin and nitrate (3) . The removal of NO from the circulation will result in conditions favorable for vasoconstriction to various stimuli. This hypothesis is supported by the observation by Voelkel et al. (35) that addition of free Hb to buffer perfusate results in a fall in perfusate cGMP, the second messenger by which NO exerts its vasodilatory effect.
In isolated, buffer-perfused lungs, expired NO declines over time, probably because of substrate limitation, as illustrated by data collected but not reported in a previous study from our laboratory ( Fig. 9; Ref. 8) . The expired NO immediately preceding four consecutive hypoxic challenges falls only ϳ10% (total time of ϳ45 min), however. Although this change is statistically significant (P Ͻ 0.01), the decrement is much smaller than the immediate decreases in expired NO seen with addition of RBCs, free Hb, or L-NA to the perfusate in the current study (Table 2 ), which was conducted over a similar time period.
We have assumed that the mechanism by which RBCs augment HPV is through removal of NO from the circulation and away from vascular smooth muscle (VSM). Indeed, the inverse relationship between expired NO and Hct and the strength of HPV is unlikely to be coincidental. Liu et al. (19) have shown that the half-life of perfusate NO is inversely proportional to the concentration of RBCs, and multiple studies have documented the importance of NO in regulation of HPV (5, 13, 18, 23, 27, 30) . Previously, we documented that NOS inhibition resulted in a dramatic increase in HPV in buffer-perfused lungs but had little effect on the strength of HPV in lungs perfused with RBCs at 30% Hct (8) .
A reasonable explanation for the greater effect of free Hb than intact RBCs on expired NO and HPV is that the RBC membrane provides a diffusion-limited barrier to binding of NO by Hb. Although Hakim et al. (15) found that ''packaging'' of Hb in RBCs did not affect the in vitro half-life of NO in aqueous solution, Liu et al. (19) found that NO disappearance from an in vitro system was ϳ650 times faster in the presence of free oxyhemoglobin compared with a comparable concentration of intra-RBC Hb. These authors used a NOsensitive electrode that contacts directly with the NOcontaining solution, giving it a much faster response time than that of Hakim et al. (15) . The relative diffusion barrier provided by the RBC membrane may be magnified in vivo, where a layer of cell-free plasma exists next to the endothelium during blood perfusion (6, 34) . Work by Liao et al. (17) supports this hypothesis; they have shown that free Hb (10 µM) abolishes NO-mediated vasodilation in the presence or absence of flow in isolated microvessels. RBCs at 50% Hct reduced NO-mediated vasodilation only when flow was absent, however. Other work suggests that modulation of NO scavenging by Hb may even be peculiar to the type of RBC. Calatayud et al. (7) have found that fetal RBCs have increased capacity to scavenge NO in comparison to adult RBCs, an effect that was not explained by differences in the type of contained Hb (HbF vs. A) (7) .
Free Hb has additional characteristics that may affect its potential for scavenging of NO and augmentation of HPV. Unmodified bovine Hb exhibits a high degree of endothelial permeability (26) . The movement of free Hb into close approximation with VSM may increase the potential for abluminal scavenging of NO that might otherwise be destined for VSM sites (25, 26) . Free Hb has cytotoxic effects on endothelial cells that may also result in a reduction of NO production (12, 24) . The propensity of free Hb to produce lung injury was overtly manifest in our preparations when we added larger amounts (500 mg) of Hb to the perfusate. The majority of preparations developed intractable pulmonary hypertension and edema after this intervention. It is possible that more subtle endothelial injury occurred after administration of the smaller dose of Hb (50 mg) and was responsible, in part, for the observed enhanced pressor response to hypoxia.
Perfusate viscosity and HPV. We studied changes in perfusate viscosity in an attempt to explain the potent effect of acellular Hb in enhancing HPV and in reducing expired NO in comparison to intact RBCs. The viscosity of blood or perfusates containing high concentrations of RBCs is much higher than that of an acellular perfus- ate (Table 1) . Increased perfusate viscosity and flow, as well as reduced vessel diameter, result in increased vascular shear stress, which may in turn result in a reduction in pulmonary vascular resistance mediated by endothelial production of NO (2, 36, 37) or possibly prostacyclin (2, 33) . It is therefore conceivable that perfusion with intact RBCs may result in viscositymediated blunting of HPV relative to the potential NO-scavenging capability of the contained Hb. Indeed, increasing perfusate viscosity by additing dextran resulted in blunting of the HPV response to free Hb (Fig.  3) . However, the blunting of HPV by increased perfusate viscosity was not mirrored by an increase in expired NO ( Table 2 , Fig. 6 ), and inhibition of NO and prostacyclin synthesis did not eliminate the inhibitory effect of increased viscosity on HPV (Fig. 7) .
We used dextran to increase perfusate viscosity to isolate the pure mechanical effect of viscosity on the vasculature from other potential metabolic effects of RBCs. Unfortunately, increases in perfusate viscosity by dextran do not entirely reproduce the non-Newtonian viscosity effects of cellular (RBC-containing) perfusates. In addition, some investigators have found that shear stress-mediated changes in pulmonary vascular tone require the presence of RBCs (29, 32) , perhaps through specific endothelial-RBC membrane interactions or effects of RBCs on metabolite flux. The latter studies differed from ours, however, in that they were performed under normoxic conditions. Hypoxia results in a fall in expired NO in isolated rabbit lungs perfused with buffer or RBCs, and NOS inhibition had no effect on pulmonary artery pressure during hypoxia in rabbit lungs perfused at 30% Hct (8) . These data suggest that RBC-mediated shear stress production of NO is relatively unimportant in modulation of HPV in the rabbit.
In addition to possible differences in shear stress effects during normoxia vs. hypoxia, species differences also exist that may confound extrapolation of our findings. As noted above, Sprague et al. (29) found that increases in viscosity by RBCs but not dextran resulted in NO-mediated reduction in pulmonary vascular resistance in isolated rabbit lungs. In the rat, however, increased NO production induced by increased perfusate viscosity or by pharmacological vasoconstriction does not appear to require the presence of RBCs (36, 37) . However, other investigators have found that RBCs are necessary for modulation of vascular tone in rat lungs (32) . Finally, Barnard et al. (2) have shown that, although NO appears to be the primary modulator of vascular tone in rat lungs, in the dog lung cyclooxygenase products appear to be more important. Further investigation will be necessary to completely elucidate the effects of species on modulation of HPV and basal pulmonary artery tone by RBCs and shear stress.
When added in concentrations sufficient to increase perfusate viscosity to that of RBC perfusate at 10% Hct, dextran reduced HPV by ϳ50% and reduced HPV even further when added at a higher concentration (Fig. 4) . It is difficult to predict whether this magnitude of reduction would occur if the baseline HPV response was higher, as in group 2. Further work will be required to define this issue.
The observed reduction of HPV by increased perfusate viscosity confirms earlier work by Benumof and Wahrenbrock (4), who found that HPV was blunted when vascular pressures were increased by infusion of dextran in the intact dog lung. The mechanism by which increased perfusate viscosity inhibits HPV is unclear.
RBC membrane and HPV. In addition to modulation of NO binding to Hb by the RBC membrane and/or cytoplasm, these cellular components may have effects on HPV and NO independent of Hb. To test this possibility, we perfused rabbit lungs with RBC ghosts devoid of Hb. HPV during perfusion with RBC ghosts was reduced in comparison to that seen with buffer perfusion, although in both instances the response was weak and of questionable physiological significance (Fig. 8) . The combination of RBC ghosts and free Hb produced a hypoxic pressor response that was weaker than that seen with free Hb alone (Fig. 8) . Addition of RBC ghosts to the perfusate also resulted in a small fall in expired NO. This is potentially explained by the capacity of biological membrane to accelerate the reaction of NO with O 2 to form NO 2 Ϫ and hence speed the disappearance of NO from solution (20) . It is also possible that there was a small amount of residual free Hb in the ghost preparation that was below the sensitivity of our assay. Whether the observed fall in expired NO in the current study is physiologically significant is uncertain, and it does not explain the blunting of HPV in the presence of RBC ghosts. On the other hand, the capacity of membranes to facilitate formation of reactive oxygen species from NO, or alternatively to provide antioxidant activity, may play a role in modulation of HPV.
Preparation of RBC ghosts in the described fashion will exclude analysis of some properties of the RBC that may act to modulate HPV. The absence of RBC cytoplasm results in a loss of enzymes and metabolites that may influence HPV in a variety of ways. Intact RBCs have the capacity to scavenge free radicals (38) and release ATP in response to hypoxia and deformation (9, 28) . The lack of intact cytoskeleton in RBC ghosts also makes it unlikely that they will undergo changes in deformability in response to hypoxia or other stimuli in the same fashion as intact cells; a loss of RBC deformability in response to hypoxia may be an important component of the pulmonary hypoxic pressor response in some species (14) . However, these issues are beyond the scope of this investigation, which was designed to isolate two components of the RBC, specifically Hb and the RBC membrane.
In conclusion, we have found that a subphysiological amount of free Hb dramatically augments HPV in buffer-perfused rabbit lungs, in association with a reduction in expired NO. These effects occur at a free Hb concentration that is ϳ400 times less than that found in RBCs at a Hct of ϳ30%, with comparable increases in HPV and reductions in expired NO. The observation that free Hb is a much more potent stimula-tor of HPV and scavenger of NO may be explained by the relative diffusion barrier to NO provided by the RBC membrane, a weak inhibitory effect on HPV by the RBC membrane, and a strong inhibitory effect on HPV of increased perfusate viscosity as seen during perfusion at increasing Hct. The mechanisms by which the RBC membrane and increased perfusate viscosity inhibit HPV are, at this point, undefined, although our data suggest that increased production of NO in the case of the RBC membrane and increased production of either NO or prostacyclin in the case of increased viscosity are not important factors in the rabbit.
